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PRESSURE  DISTRIBUTIONS  ABOUT  FINITE  WEDGES  IN  BOUNDED 
AND  UNBOUNDED  SUBSONIC  STREAMS 
By  Patrick  L.  Donoughe  and  Ernst  I.  Prasse 


SUMMARY 

An  analytical  and  experimental  investigation  on  pressure  distri- 
bution about  sedges  was  initiated  because  of  some  problems  encountered 
in  transporation  cooling;  the  results  obtained  are  of  general  inter- 
est and  application.  The  analytical  investigation  of  incompressible 
flow  about  finite  wedges  showed  that  decreasing  the  tunnel-wedge 
ratio  (the  tunnel-wedge  ratio  is  defined  as  ratio  of  tunnel  he i girt  to 
maximum  wedge  thickness)  decreased  the  pressure  coefficient  at  all 
chordwise  locations;  an  increase  in  wedge  angle  with  an  unbounded 
stream  (infinite  tunnel-wedge  ratio)  caused  a pressure  coefficient 
increase  in  the  forward  region  and  decrease  in  the  rear  region  of  the 
wedge.  It  was  also  found  that  even  for  a wedge  in  an  unbounded  stream 
the  region  of  applicability  of  the  infinite  wedge-type  velocity  distri- 
bution assumed  in  the  solution  of  laminar  boundary  layer  equations  is 
approximated  only  within  10  percent  for  a limited  leading-edge  region. 
Additional  calculations  indicated  that  use  of  a theoretical  instead  of 
an  experimental  pressure  distribution  should  be  satisfactory  for  heat- 
transfer  predictions  for  regions  not  unduly  influenced  by  flow  separ- 
ation . 

Comparison  of  theoretical  and  experimental  pressure  distribu- 
tions about  wedges  in  compressible  subsonic  flow  showed  poor  agree- 
ment for  a wedge  angle  of  30°  and  a tunnel-wedge  ratio  of  2.8,  prob- 
ably because  of  flow  separation.  For  wedge  angles  from  9°  to  20°  and 
essentially  'unbounded  streams  (tunnel-wedge  ratio  of  100),  the  results 
from  a simple  mapping  Karman-Tsien  method  were  in  good  agreement  with 
experiment  for  Mach  numbers  to  0.700.  A hodograph  method  predicted 
results  in  good  agreement  with  experiment  for  an  essentially  unbounded 
stream,  even  for  Mach  numbers  close  to  unity. 
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INTRODUCTION 

The  question  of  the  influence  of  the  tunnel  wall  on  the  pressure 
distribution  over  a finite  wedge  arose  in  connection  with  some  prob- 
lems encountered  in  obtaining  heat-transfer  results  for  transpiration 
cooling.  Prediction  of  the  coolant  flow  emitted  from  a porous  wedge, 
used  as  a test  vehicle,  necessitated  knowledge  of  the  pressure  dis- 
tribution about  the  reference  solid  wedge.  This  distribution  was 
obtained  by  placing  a 30°  solid  wedge  with  a 2- inch  chord  in  the  tunnel 
used  for  the  porous  wedge  investigation.  The  resulting  tunnel-wedge 
ratio  was  2.8  where  this  ratio  is  defined  as  the  ratio  of  the  height 
of  the  tunnel  to  the  maximum  thickness  of  the  wedge.  Attempts  were 
made  to  correlate  the  data  with  analytical  solutions  available  in  the 
literature . 

In  addition  to  the  use  for  transpiration  cooling  analyses,  wedges 
may  be  used  as  the  leading  section  of  compressor  and  turbine  blades 
and  wings,  and  are  also  useful  in  the  solution  of  the  laminar  boundary 
layer  equations.  Experimental  Mach  number  and  pressure  distributions 
obtained  from  interferometer  measurements  are  given  in  references  1 and 
2 . A review  of  the  different  theories  for  the  potential  flow  about 
wedges  in  an  unbounded  stream  is  also  given  in  reference  1.  The  theo- 
retical effects  of  compressibility  may  be  obtained  for  subsonic  flow 
by  either  the  method  of  reference  3 or,  if  the  incompressible  pressure 
distribution  is  known,  by  use  of  Prandtl-Glauert  or  Karman-Tsien  correc- 
tions • 

For  laminar  boundary  layer  solutions,  the  stream  velocity  in  the 
potential  flow  is  assumed  to  increase  in  proportion  to  some  power  of 
the  distance  from  the  leading  edge.  This  type  of  velocity  distribution 
is  realized  in  the  two-dimensional,  incompressible  flow  about  wedges 
infinite  in  the  chordwise  direction  with  an  unbounded  stream,  that 
is,  an  infinite  wedge  with  a tunnel-wedge  ratio  of  infinity.  Such 
boundary  layer  solutions  are  given  in  references  4 to  6;  references  5 
and  6 give  solutions  for  porous  surfaces  with  large  temperature  dif- 
ferences between  the  surface  and  the  main  stream.  In  actual  practice, 
however,  only  finite  wedges  can  be  used.  In  addition,  experiments 
would  usually  be  conducted  in  a wind  tunnel,  so  that  the  influence 
of  the  tunnel  wall  on  the  wedge  pressure  distribution  is  important. 
Hence,  if  results  of  boundary  layer  theory  are  to  be  correlated  with 
experiment,  it  is  necessary  to  have  an  estimate  of  the  region  on  a 
finite  wedge  in  a bounded  stream  where  the  infinite  wedge-type  flow 
assumed  in  this  theory  is  approximately  realized. 
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In  the  present  report,  experimental  pressure  distributions  were 
determined  and  flow  visualization  studies  were  made  for  the  30°  wedge 
with  a tunnel-wedge  ratio  of  2.8  and  upstream  Mach  numbers  of  the  order 
of  0.350.  Theoretical  and  experimental  pressure  distributions  for  the 
30°  wedge  were  used  to  predict  the  heat  transfer  to  the  wedge  by  the 
methods  of  reference  7.  Analytical  pressure  distributions  for  tunnel- 
wedge  ratios  from  2.8  to  170  and  wedge  angles  from  0°  to  40°  were 
calculated  for  incompressible  flow.  The  region  of  applicability  of 
the  infinite  wedge-type  pressure  distribution  for  a finite  wedge  in 
a bounded  stream  was  analyzed.  Since  no  direct  comparison  of  experi- 
mental and  theoretical  pressure  distributions  for  upstream  Mach  num- 
bers close  to  unity  was  found  in  the  literature,  a comparison  of 
previously  published  experimental  and  theoretical  results  was  also 
made. 


APPARATUS 

Wedge 

For  the  present  experimental  investigation  a 30°  wedge  was  mach- 
ined from  Inconel  stock.  The  wedge  had  no  afterbody  because  of  space 
limitations  in  the  tunnel.  Static-pressure  taps  (0.020- in.  diam.)  were 
drilled  perpendicular  to  the  surface  at  three  different  spanwise  and 
various  chordwise  locations  and  connected  to  the  ends  of  the  wedge 
with  drilled  passages.  Into  these  passages  steel  tubing  was  silver- 
soldered  for  attachment  of  the  flexible  tubing  which  led  to  the  manom- 
eter board.  Rods  on  each  end  of  the  wedge  held  it  in  place  and  acted 
as  pivots  for  orienting  the  wedge  at  zero  angle  of  attack.  The  geo- 
metry and  pressure  tap  locations  for  the  wedge  are  shown  in  table  I. 

The  resulting  tunnel-wedge  ratio  for  this  configuration  is  2.83.  The 
pressures  on  the  wedge  were  read  differentially  with  the  upstream 
static  pressure,  the  manometer  fluid  being  water.  Pressure  readings 
at  different  spanwise  locations  agreed  within  less  than  1 percent  for 
the  same  chordwise  location. 


Test  Facility 

In  the  test  facility,  laboratory  air  passed  successively  through 
a standard  A.S.M.E.  orifice,  a combustion  chamber,  a plenum  chamber 
(where  stagnation  temperature  and  pressure  were  measured),  and  the  test 
section  and  into  the  exhaust  system.  For  the  present  investigation  no 
fuel  was  added  in  the  combustion  chamber.  The  plenum  chamber  and  tunnel 
sections  are  shown  in  figure  1.  The  inlet  duct  to  the  test  section 
extended  into  the  plenum  chamber  to  insure  a uniform  velocity  profile  in 
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the  test  section.  Care  was  taken  in  assembly  of  the  entrance  and  test 
sections  so  that  no  protuberances  existed  in  the  flow  passage. 

The  flow  passage  of  the  entrance  and  test  sections  downstream  of 
the  inlet  duct  was  nominally  3 inches  square  with  four  outer  walls  spaced 
at  3/8  inch  intervals  to  minimize  heat  less  for  any  high  temperature 
work  (see  fig.  l)  • The  3-inch-square  cross  section  was  maintained  for 
about  23  chord  lengths  (46  in.)  upstream  of  the  wedge.  Stagnation  pres- 
sure was  also  measured  with  a total-pressure  probe  about  8 chord  lengths 
upstream  of  the  wedge.  This  pressure  probe  was  read  differentially  with 

a wall  static  tap  4^  chord  lengths  ahead  of  the  wedge.  The  wall  static 

pressure  was  also  read  absolutely,  the  manometer  fluid  being  water  for 
both  the  differential  and  absolute  readings.  These  pressure  readings 
were  used  to  calculate  the  upstream  Mach  number. 


Flow  Visualization 

In  an  attempt  to  confirm  the  two-dimensionality  of  the  flow  about 
the  wedge,  flow  visualization  studies  were  made.  In  these  studies  hydro- 
gen sulfide  gas  reacted  with  a mixture  of  glycerin  and  lead  carbonate 
painted  on  the  wedge  and  side  walls.  After  the  hydrogen  sulfide  was 
introduced  through  static  taps  on  the  wedge  and  side  walls,  its  paths 
along  the  wedge  and  on  the  walls  were  observed  as  brown  traces  on  a white 
background.  More  details  of  visualization  methods  for  gas  flow  about 
turbine  blades  are  reported  in  reference  8. 


TEST  PROCEDURE 

Pressure  taps  symmetrically  located  closest  to  the  leading  edge  on 
either  side  of  the  wedge  (see  table  I)  were  used  to  set  the  angle  of 
attack  to  zero.  When  the  pressures  at  these  taps  agreed  within  0.1  inch 
of  water,  the  pressure  readings  on  the  wedge  were  taken  for  the  following 
upstream  conditions : 


Mo 

PO' 

in.  water  abs 

P'-P0> 
in.  water 

T'  , 
°R 

0.266 

435.0 

21.9 

560 

.286 

466.9 

27.3 

552 

.328 

421.7 

32.6 

560 

.403 

444.2 

52.5 

558 

.464 

513.0 

_J 

81.7 

555 

Symbols  are  defined  in  the  appendix. 
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ANALYSIS 

Analytical  methods  to  determine  the  static-pressure  distribution  for 
flow  about  finite  wedges  are  given.  The  static  pressure  on  the  wedge  is 
incorporated  in  a pressure  coefficient  which  is  defined  by 


c alli2 

CP  = 2 

PO  U0 
2 


(1) 


For  isentropic  incompressible  flow,  the  pressure  coefficient  is  related 
to  the  velocity  by 


1 


(la) 


For  isentropic  compressible  flow,  the  pressure  coefficient  is  related  to 
the  Mach  number  by 


C 


P 


1 + | (r-DHp’V'1 

^ ♦ | (r-i)M2  J 


1 


(lb) 


The  pressure  gradient  in  the  direction  of  flow  is  given  in  dimensionless 
form  by  the  Euler  number  which  is  defined  by  (ref.  9) 


_ x dp  x dU 
~ " tt2  dx  * U dx 


(2) 


The  last  equality  results  from  Bernoulli's  equation. 

The  usual  corrections  for  the  effects  of  compressibility  (Prandtl- 
Glauert  and  Karman-Tsien  methods)  which  apply  for  subsonic  flow  are  given; 
in  addition,  the  theory  of  reference  3 for  flow  over  a finite  wedge  in  an 
unbounded  stream  is  utilized. 


Incompressible  Flow 

Infinite  wedge,  unbounded  stream.  - For  an  infinite  wedge  in  an 
unbounded  stream,  the  velocity  variation  on  the  wedge  surface  is  given 
by  (ref.  4) 


TT  m 

U ■ cx 


(3) 
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Differentiation  of  equation  (3)  and  use  of  equation  (2)  show  that 
m = Eu.  By  a conformal  transformation  of  the  region  outside  the  wedge, 
it  may  be  shown  that  the  exponent  m or  the  Euler  number  is  related  to 
the  wedge  angle  by 


■ sb  w 

for 

0<  6<jt 

This  result  has  already  been  given  in  reference  10. 

The  velocity  distribution  given  by  equation  (3)  has  been  used 
extensively  in  solution  of  the  laminar  boundary  layer  equations  under  the 
assumption  that  the  Euler  number  is  constant  for  a given  solution. 

Finite  wedge,  bounded  stream.  - In  actual  practice,  only  finite 
wedges  can  be  constructed  and  experiments  with  them  would  probably  be 
conducted  in  a wind  tunnel . Hence  the  pressure  distribution  about  a 
finite  wedge  in  a finite,  bounded  stream  must  be  determined.  For  the 
case  of  incompressible  flow  about  a finite  wedge  in  a bounded  stream, 
recourse  is  made  to  the  mapping  theorem  of  Schwarz  and  Christoffel  for  the 
theoretical  approach.  A general  discussion  of  the  Schwarz-Christoffel 
theorem  is  given  in  reference  11.  To  obtain  the  pressure  distribution 
about  a wedge  centrally  located  in  a rectangular  tunnel,  it  is  necessary 
to  consider  only  the  upper  half  of  the  wedge  because  of  flow  symmetry. 

The  region  to  be  analyzed  is  shown  schematically  in  figure  2.  The  wedge 
is  assumed  to  have  an  afterbody  of  infinite  length  to  simplify  the  anal- 
ysis. The  theory,  of  course,  precludes  any  separation  of  the  flow.  By 
a Schwarz-Christoffel  transformation  the  boundary  of  the  flow  region  of 
the  physical  or  z-plane  is  transformed  into  the  real  axis  of  the 
£ -plane,  z and  £ being  complex  variables.  The  following  points  may 
be  specified: 

1.  The  leading  edge  E in  the  z-plane  shall  map  into  the  point  (t,0) 
in  the  £ -plane. 

2.  The  trailing  edge  D in  the  z-plane  shall  map  into  the  point  (l,0) 
in  the  £ -plane  . 

3.  The  infinite  point  in  the  z-plane  shall  map  into  the  point 

(0,0)  in  the  £ -plane. 

4.  The  infinite  points  Aa  and  F^  shall  map  into  negative  and 
positive  infinity,  respectively,  in  the  £-plane. 
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The  transformation  from  the  £ -plane  to  the  z-plane  for  this  configuration 
can  be  obtained  from  the  theorem  of  Schwarz  and  Christoffel  as 


dz  S 

d£  = l 


(5) 


where  S and  t are  constants  to  be  determined. 

In  the  physical  or  z-plane  the  flow  is  from  a source  of  output 
UQa/2  at  A^,  to  a sink  of  intake  UQa/2  at  Bo,.  In  the  £ -plane  this 

requires  a sink  of  strength  UQa/2n  at  the  origin.  The  flow  induced  by 
the  sink  in  the  £ -plane  is  characterized  by  the  complex  potential 


w 


V 

2 n 


In  i 


(6) 


The  complex  velocity  in  the  z-plane,  being  the  derivative  of  the  poten- 
tial, is  obtained  from  equations  (5)  and  (6) . 

e 

32  _ S?  & _ !!£  (L: J\  * (7 

dz  d£  dz  2itS  \£  - 1/  '' 

As  £ — >oo  (f^  in  the  z-plane) , the  derivative  of  the  potential  must 
give  the  upstream  velocity  Uq 


U0 


and  the  limit  of  the  term  in  parentheses  in  equation  (7)  is  given  by 


lim 


C— >oo 


(N 


e_ 

2 it 


so  that  S = a/2it.  At  £ = 0 (B^  in  the  z-plane),  continuity  consid- 


dw  U0a 

erations  require  that  — « — ■ 

dz  a - b 


Substitution  of  this  value  for  the 


derivative  and  of  £ » 0 into  equation  (7)  gives 


2 n 


(8) 
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Thus  the  constants  S and  t are  determined  as  functions  of  the  wedge 
angle  and  tunnel-wedge  ratio. 

The  real  velocity  on  the  wedge  surface  is  evaluated  by  obtaining 
the  absolute  value  of  dw/dz  on  the  wedge  surface . This  surface  corre- 
sponds to  the  segment  DE  (fig-  2)  of  the  real  axis  of  the  £ -plane  where 
£ = a. 


e 


for 


1<  a<  t 

Equation  (la)  is  used  to  find  the  pressure  coefficient  for  a finite  wedge 
in  a bounded  stream 


(10) 


1<  a < t 

Cp^i  may  be  evaluated,  therefore,  when  the  relation  between  a and  x 

in  the  £-  and  z-planes  is  established.  This  relation  is  obtained  by 
numerical  integration  of  equation  (5)  as  follows. 

Since  the  flow  over  the  wedge  surface  in  the  z-plane,  which  maps  into 
the  segment  DE  of  the  real  axis  of  the  £ -plane,  is  of  interest,  points 
appropriately  spaced  between  a = 1 and  a =»  t are  chosen.  On  this 
segment,  |z|  = x and  £ = a;  so  that  from  equation  (5), 


e e 
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from  which 


E W “ 1 


a sin  (6/2) 


bn 


'a 


1 

a 


(12) 


for 


1<  a<  t 


Then  x/L  may  be  obtained  with  the  aid  of  equation  (12 ) and  the  finite 
difference  integration  formula  (ref.  12,  p.  243)  . 


r'a,+nh 


_d 

2n 


n(6n3  - 45n2  + llOn  - 90)  a4  . n(2n4  - 24n3  + 105n2  - 200n  + 144)  A5 

720  A 1440  A + 

G_ 
. 2n 

n(l2n5  - 210n4  + 428n3  - 4725n2  + 7672n  - 5040)  A6  J 


60,480 


1 /°1  - ^ 
al  \t  - aX/ 


(13) 


If  accurate  results  are  to  be  obtained  from  this  numerical  integra- 
tion, the  nature  and  behavior  of  the  function  d(x/L)/da  must  be  known 
for  l<a<t.  In  particular,  for  values  of  a in  the  neighborhood  of  a 
maximum  or  minimum  value  of  d(x/L)/da,  it  is  necessary  to  use  smaller 
values  of  n and  h than  those  which  may  be  used  in  other  regions . At 

maximum  or  minimum  values  of  d(x/L)/da,  d2(x/L)/da2  must  vanish.  Dif- 
ferentiating equation  (ll)  and  equating  this  result  to  zero  yield  the 
quadratic  equation  in  a 

1 b e_ 

a 2ji 

If  equation  (14)  has  no  real  roots,  d(x/L)/da  has  no  maximum  or  minimum 
values.  If  equation  ( 14 ) has  real  roots,  say  and  0,3  with 

then  d(x/L)/da  increases  for  l<a<a2  to  a maximum  at  a » a^, 

decreases  for  S.(X'S. 013  to  a minimum  at  a ■ a^,  and  finally  increases 


j 


t - 1 


(a  - l)(t  - a)J 


(14) 
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for  a3<a<t,  becoming  infinite  as  a— ► t.  Hence,  for  a given  tunnel- 
wedge  configuration,  ouj  and  a3  may  be  determined  from  equation  (14) , 

if  they  exist,  and  appropriate  values  of  n and  h may  be  used  in 
equation  (13)  to  determine  x/L. 


For  the  corresponding  Euler  number  distribution  along  the  wedge, 
use  of  equations  (2),  (9),  (ll) , and  dU/dx  * dU/da^dx/da  yields 


Eu 


I (*  - 1) 

a . 6 

b Sln  2 


x U_ 
L U0 


a 


(a  - 1)  (t  - a) 


(15) 


Hence  the  Euler  number  may  be  calculated  for  each  value  of  a by  use  of 
the  results  from  the  finite-difference  calculation.  At  the  leading  edge 
(the  stagnation  point),  corresponding  to  a ■ t,  the  right  side  of  equa- 
tion (15)  becomes  indeterminate.  It  can  be  shown,  however,  by  use  of 
L' Hospital's  Rule  that  as  a approaches  t,  the  Euler  number  approaches 
the  value  given  by  equation  (4)  for  an  infinite  wedge  of  angle  0 in  an 
unbounded  stream. 


An  independent  check  of  the  velocities  obtained  by  this  mapping 
method  was  obtained  for  9 * 30°  and  a/b  a 2.8  by  employment  of  a 
mechanical  stream-filament  method.  This  method  uses  steel  wires  for  the 
streamlines  and  the  orthogonal  lines.  Upon  proper  alinement  of  the  wire 
network,  the  velocity  ratio  U/Uq  is  given  by  the  ratio  of  the  length 

of  the  rectilinear  square  upstream  of  the  body  to  the  length  of  the  rec- 
tilinear square  on  the  surface  of  the  body.  Details  of  the  method  are 
given  in  reference  13.  The  resulting  flow  pattern  for  the  test  con- 
figuration is  shown  in  figure  3.  Velocities  obtained  from  this  network 
agreed  within  2 percent  with  those  calculated  from  the  mapping  method. 


Finite  wedge,  unbounded  stream.  - The  flow  about  a finite  wedge  in 
an  unbounded  stream  can  be  deduced  in  a manner  similar  to  that  used  for 
the  bounded  stream.  For  this  configuration  employment  of  the  theorem  of 
Schwarz  and  Chris toff el  yields  for  the  wedge  surface 


(16) 


-1<  a<l 
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and 


so  that 


U « U, 


0 VI 


- g 

+ a 


e_ 

2n 


e 


for 

-l<a<l 


and 

* 

Eu  = £ *£  iL  1 

n s/L  UQ  1 _ a2 

In  this  transformation,  x/l  = 0 corresponds  to  a =»  1,  that  is, 

X 

(l)  =0,  so  that  from  equation  (16) 


(18) 


1 + 


a.) 

a/ 


e_ 

2n 


-1 


For  evaluation  of  this  integral  and  for  the  integration  of  equa- 
tion ( 16 ) , the  finite-difference  formula  (ref.  12,  p.  243)  is  again  used. 
As  in  the  case  of  a finite  wedge  in  a bounded  stream,  the  Euler  number 
given  by  equation  (18)  approaches  the  value  given  by  equation  (4)  for  an 
infinite  wedge  of  angle  0 in  an  unbounded  stream  as  the  leading  edge  is 
approached  (a— *-1) . 

A linearized  theory  for  the  pressure  distribution  for  incompressible 
flow  about  a finite  wedge  in  an  unbounded  stream  is  presented  in 
appendix  B of  reference  1.  The  pressure  coefficient  on  the  wedge  surface 
is  given  by 


0 

ji 


In 


x/L 

1 - x/L 


(19) 
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Because  of  the  limitations  of  the  linearized  theory,  the  point  of  zero 
pressure  coefficient  is  fixed  at  x/L  =0.5  regardless  of  the  wedge 
angle,  as  is  seen  hy  equation  (19) . Examination  of  equations  (16)  and 
(17),  obtained  by  the  mapping  method,  shows  that  Cp^  = 0 does  not 

always  occur  at  x/L  = 0.5,  but  its  location  will  vary  depending  on  the 
wedge  angle. 


Compressible  Flow 

Several  theoretical  approaches  have  been  used  to  account  for  the 
influence  of  compressibility  on  the  pressure  coefficient  for  appreciable 
subsonic  Mach  numbers  (see  ref.  14).  With  respect  to  ease  of  utilization, 
the  simpler  theories  are  the  Prandtl-Glauert  and  Karman-Tsien  methods 
which  correct  the  incompressible  pressure  coefficient  for  Mach  number. 

The  Prandtl-Glauert  method  gives 


Cr,  i 

bp  = — 

a/i  - Mo2 

and  the  Karman-Tsien  method  gives 


(20) 


(21) 


Thus  the  pressure  coefficient  for  compressible  flow  is  obtainable 
if  the  upstream  Mach  number  and  the  incompressible  pressure  coefficient 
are  known. 


Finite  wedge,  bounded  stream.  - The  Prandtl-Glauert  and  Karman-Tsien 
corrections  are,  strictly  speaking,  applicable  for  an  unbounded  stream, 
or  at  least  where  the  interference  from  the  tunnel  wall  is  small.  Quali- 
tative estimates  of  the  compressibility  effects,  on  the  other  hand,  may 
be  obtained  by  use  of  these  methods.  The  Karman-Ts ien  method,  rather 
than  the  Prandtl-Glauert  method,  was  used  to  investigate  compressibility 
effects  on  the  experimental  test  configuration  9 = 30°,  a/b  = 2.8,  since 
^p,i  is  larSe  over  most  of  the  wedge  and  the  Karman-Tsien  correction  is 

in  better  agreement  with  experiment  in  this  range  (ref.  14,  p.  246). 

Finite  wedge,  unbounded  stream.  - The  pressure  distribution  for  a 
finite  wedge  in  an  unbounded  stream  may  be  obtained  quite  readily  by 
equations  (19)  and  (20) . The  result  has  already  been  given  in 
reference  1 as 
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(22) 


It  is  anticipated  that  equation  (22)  will  hecome  less  valid  when 
Mq  is  close  to  unity.  In  this  case  the  solution  from  a hodograph  method 

given  in  reference  3 also  may  he  utilized.  The  series  representation  of 
x/L  on  the  wedge  surface  given  hy  equation  (53)  of  reference  3 is,  in 
the  notation  of  the  present  report, 


1 2 


c/L 


2N03  N3 


('1,r  (t)  KJ  I.i  <23) 


for 

N>  Nq  >0 


x/L  - 1 + 2N03  N3  ^ (*D 


r /rn 


r*l 


K 


_±  V v 


r«N 


0)  _ [ rnN 
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(24) 


for 

No>N>0 


where 


summation  index 


3 ^ 


N0  = (2/3) (1  - Mq2)2 


N = (2/3)(l  - M2) 


(25) 


(r  + i) 


J 


and  Ip  and  Kp  are  modified  Bessel  functions  of  the  first  and  second 
kinds,  respectively.  The  modified  Bessel  function  of  the  second  kind  Kp 
is  related  to  Ip  hy  (ref.  12,  p.  317) 
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« I-p(arg)  - Ip(arg) 

2 sin  p it 

The  modified  Bessel  function  of  the  first  kind  Ip  is  tabulated  in  ref- 
erence 15,  so  that  it  and  the  modified  Bessel  function  of  the  second  kind 
Kp  are  obtainable. 

Examination  of  equations  (23)  and  (24)  shows  that  equation  (23)  is 

O p 

for  the  front  portion  of  the  wedge,  since  here  M < Mq  so  that  N >N0; 

equation  (24)  is  for  the  rear  portion,  since  there  M2>Mq2  so  that 
N0  >N.  With  this  in  mind,  equations  (23)  and  (24)  can  be  solved  for  x/L 
by  assigning  values  N,  Nq,  and  v and  calculating  the  modified  Bessel 
functions  over  the  range  of  r. 

In  the  so-called  transonic  approximation,  the  pressure  coefficient 
is  approximated  by  the  relation  given  in  references  3,  16,  and  17,  which 
is,  in  the  notion  of  the  present  report, 

Cp  - (Mq2  - M2)  (lc) 

Since  assigned  values  of  N and  Nq  fix  M and  Mq  by  equa- 
tion (25),  Cp  can  be  calculated  by  use  of  equation  (lc)  for  the  hodograph 
method  for  the  finite  wedge,  unbounded  stream.  Thus  Cp  is  calculable 
for  the  hodograph  method,  and  by  use  of  equation  (22)  Cp  for  linearized 

subsonic  flow  may  be  calculated.  These  calculations  may  then  be  used  for 
comparison  with  the  experimental  pressure  coefficients  obtained  from  data 
in  reference  1. 


RESULTS  AND  DISCUSSION 

Analytical  results  of  the  incompressible  flow  about  finite  wedges 
will  be  presented  and  the  effects  of  wedge  angle  and  tunnel-wedge  ratio 
will  be  discussed.  An  estimate  will  be  made  of  the  region  of  applicability 
of  the  infinite  wedge -type  flow  (constant  Euler  number)  assumed  in  bound- 
ary layer  theory.  Predictions  of  heat  transfer  to  the  30°  wedge  for  a 
tunnel-wedge  ratio  of  2.83  will  also  be  given.  The  results  of  the  flow 
visualization  studies  on  the  30°  test  configuration  as  well  as  a compari- 
son of  analytical  and  experimental  pressure  distributions  for  this  wedge 
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will  be  shown.  Comparison  between  compressible  theory  and  experimental 
pressure  distributions  of  reference  1 will  be  made  for  subsonic  flow. 


Analytical 

Effect  of  wedge  angle . - Pressure  coefficients  were  calculated  by 
use  of  equation  (lO)  for  incompressible  flow  (Mq  » 0)  about  9°,  15°, 

and  20°  wedge  angles;  the  chordwise  location  corresponding  to  each  coef- 
ficient was  obtained  by  equation  (12)  . The  tunnel-wedge  configurations 
are  those  for  which  experimental  data  are  given  in  reference  1 . For 
each  of  these  configurations  the  tunnel-wedge  ratio  is  sufficiently  large 
that  tunnel  wall  influence  is  relatively  insignificant.  The  pressure 
distributions  for  finite  wedges  in  an  unbounded  stream  (a/b  a cd)  were 
also  calculated  using  equations  (17)  and  ( 16 ) . These  analytical  results 
for  incompressible  flow  about  finite  wedges  are  presented  in  figure  4 and 
table  II.  Figure  4(a)  shows  a plot  of  computed  pressure  coefficient 
against  chordwise  location  for  O°<0<4O°.  Note  that  the  location  of  the 
zero  pressure  coefficient  moves  downstream  with  increasing  wedge  angle. 
Figure  4(b),  a cross  plot  of  figure  4(a),  shows  the  variation  of  the 
pressure  coefficient  at  various  chordwise  locations.  Figure  4 indicates 
that  the  pressure  coefficient  increases  with  increasing  wedge  angle  over 
the  forward  region  and  over  the  rear  region  the  pressure  coefficient 
decreases  with  increasing  wedge  angle.  Table  II  gives  the  analytical 
results  for  finite  wedges  in  unbounded,  incompressible  streams  (a/b  » <® y 

Mq  = 0) . 

The  Euler  numbers  for  the  tunnel-wedge  configurations  were  calcu- 
lated by  equations  (15)  and  (18);  the  results  are  given  as  figure  5. 

The  Euler  numbers  must  tend  to  the  values  for  infinite  wedges  as 
x/L— *0;  these  values  may  be  calculated  by  equation  (4).  Only  in  a small 
region  close  to  the  leading  edge  does  the  Euler  number  approximate  a 
constant  value  in  the  flow  direction,  even  for  this  case  of  an  unbounded 
stream.  Thus,  if  an  average  Euler  number  be  taken  for  each  wedge  angle 
in  the  range  0<x/L<0.2,  the  deviation  from  this  value  is  ±10  percent 
at  x/L  = 0 and  x/L  ■ 0.2,  respectively.  The  solutions  of  the  boundary 
layer  equations  given  in  references  4 to  6 and  elsewhere  assume  a con- 
stant Euler  number  in  flow  direction,  whereas  figure  5 shows  that  a con- 
stant nonzero  Euler  number  cannot  be  obtained  with  a finite  wedge.  It 
may  be  deduced,  therefore,  that  for  an  experimental  realization  of  an 
infinite  wedge-type  pressure  gradient,  it  would  be  advisable  to  adjust 
the  bounding  walls  of  the  tunnel  to  impose  the  proper  pressure  distri- 
bution on  the  test  body. 

Effect  of  tunnel-wedge  ratio.  - Pressure  coefficients  for  various 
tunnel-wedge  ratios  ranging  from  about  110  to  2.8  for  9 ■ 20°  are 
given  in  figure  6(a)  as  a function  of  the  chordwise  location.  To  indi- 
cate better  the  influence  of  tunnel-wedge  ratio,  a cross  plot  of 
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figure  6(a)  was  made  in  figure  6(b).  For  decreasing  values  of  a/b  the 
pressure  coefficient  decreases  for  all  x/L  shown.  The  region  of  a/b 
where  the  influence  on  C^,  j is  small  is  seen  to  be  of  the  order  of  100 

or  more,  at  least  for  the  incompressible  flow  considered  here.  For  the 
tunnel-wedge  ratio  of  the  current  experiments,  a/b  a 2.8,  the  wall  prox- 
imity has  a decided  influence  on  the  pressure  coefficient. 

The  effect  of  the  tunnel-wedge  ratio  on  the  Euler  number  distribu- 
tion for  a 20°  wedge  is  given  in  figure  7.  The  Euler  number  decreases 
with  increasing  tunnel -wedge  ratio.  The  slope  of  the  Euler  number  curve 
near  the  leading  edge  decreases  quite  markedly  for  appreciable  tunnel- 
wedge  ratios ; hence  conditions  here  more  closely  approximate  those  for 
an  infinite  wedge. 

Heat  transfer.  - Predictions  of  heat  transfer  to  a 30°  wedge  with  a 
tunnel-wedge  ratio  of  2.83  were  made  using  the  methods  of  reference  7 
for  an  impermeable  wall  with  small  temperature  differences.  The  results 
are  shown  in  figure  8,  where  Nu/ *s  Pitted  against  the  chordwise 

location.  Curves  1,  2,  and  4 show  the  effect  of  using  different  methods 
for  heat-transfer  prediction.  Curves  2 and  3,  which  were  obtained  by 
the  same  heat-transfer  method,  show  the  effect  of  using  different  pres- 
sure distributions.  The  experimental  pressure  distribution  for  the  test 
configuration  will  be  given  later.  It  should  be  emphasized  that  all  the 
curves  shown  on  figure  8 are  theoretical,  since  no  heat-transfer  data 
were  obtained  in  the  present  investigation. 

Of  the  different  heat-transfer  methods  utilized  in  figure  8,  the 
equivalent  wedge-type  method  is  considered  to  be  the  best  means  of  pre- 
dicting heat-transfer  results  (ref.  7).  Curve  2 in  figure  8 will  there- 
fore be  used  as  the  criterion.  A comparison  of  curves  1 and  2 shows 
that  the  equivalent  infinite  wedge  and  the  equivalent  wedge-type  methods 
predict  practically  the  same  results  for  0<x/L<0.3,  but  as  x/L 
increases  from  0.3  the  deviation  between  curves  1 and  2 becomes  greater. 
Curve  4,  calculated  by  the  infinite  wedge,  constant  Euler  number  method, 
differs  from  the  criterion,  curve  2,  by  8 percent  at  x/L  of  0.3  and 
22  percent  at  0.8.  It  may  be  concluded,  therefore,  that  close  to  the 
leading  edge  of  the  body  (x/L  *0.3),  use  of  either  of  the  equivalent 
methods  gives  the  same  results,  at  least  for  the  impermeable  wall  case. 
Aft  of  the  leading-edge  region,  the  equivalent  wedge -type  method  should 
be  used. 

Curves  2 and  3,  which  use  theoretical  and  experimental  pressure  dis- 
tributions, respectively,  and  the  equivalent-wedge  type  heat-transfer 
method  show  curve  3 deviating  from  curve  2 by  about  6 percent  at  x/L, 
of  0.3  and  9 percent  at  0.8.  This  deviation  is  believed  to  be  due  mainly 
to  the  influence  of  separation  on  the  experimental  pressure  distribution. 
For  regions  where  separation  is  less  influential  (x/L  5.0.3),  the  use  of 
the  theoretical  pressure  distribution  should  be  satisfactory  if  accu- 
racies in  heat-transfer  predictions  of  the  order  of  5 percent  are 
tolerable . 
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Experimental 

Flov  visualization.  - The  results  of  the  flow  visualization  studies 
for  the  test  wedge  at  an  upstream  Mach  number  of  0.410  are  shown  in  fig- 
ure 9.  The  support  rod  and  pressure  leads  on  the  wedge  are  also  visible. 
To  exhibit  better  the  effect  of  the  flow  on  the  paint,  figure  9(a)  shows 
the  wedge  after  painting  before  insertion  in  the  tunnel.  The  photograph 
in  figure  9(b)  was  taken  after  the  visualization  run  was  made  and  the  dark 
traces  of  the  hydrogen  sulfide  which  emanated  from  the  static -pressure 
taps  may  be  seen.  Note  that  the  trace  on  the  wall  followed  the  wedge 
contour  very  well  and  there  is  no  apparent  tendency  for  any  secondary 
flow.  This  is  also  borne  out  in  the  front  view  of  the  wedge  in  fig- 
ure 9(c).  Here  it  can  also  be  seen  that  the  flow  causes  the  paint  to 
form  ridges  (white)  parallel  to  the  side  wall,  confirming  the  two- 
dimensionality  of  the  flow. 

Pressure  distribution.  - The  experimental  pressure  distributions 
obtained  from  the  30°  wedge  for  a tunnel-wedge  ratio  of  2.8  are  shown  in 
figure  10  for  different  upstream  Mach  numbers  along  with  the  theoretical 
pressure  coefficients  obtained  from  equation  (10)  for  Mq  a 0 and  from 

equation  (21)  for  Mq  ^ 0.  The  trends  of  the  experimental  data  regarding 

effects  of  chordwise  location  and  compressibility  on  the  pressure  coef- 
ficient follow  those  predicted  theoretically.  The  absolute  values,  how- 
ever, are  consistently  greater  than  predicted.  This  effect  is  probably 
attributable  to  the  influence  of  the  trail ing-edge  separation  on  the 
wedge  pressure  distribution.  Close  to  the  leading  edge,  where  the  influ- 
ence of  separation  should  be  small,  the  deviation  between  theory  and 
experiment  is  relatively  slight.  Similar  influences  on  the  pressure  dis- 
tribution due  to  separation  from  cylindrical  bodies  are  noted  and  dis- 
cussed in  reference  18. 

From  the  experimental  pressure  coefficients  Cp  for  the  lowest  test 
Mach  number  Mq  » 0.266,  the  incompressible  pressure  coefficients  Cp^ 

may  be  calculated  by  the  Karman-Tsien  method  (eq.  (21)).  Then  these 
values  of  Cp>i  maybe  inserted  in  equation  (21)  and  Mq  assigned  the 

value  0.464,  and  new  pressure  coefficients  calculated  for  comparison  with 
the  data  at  this  Mach  number.  The  pressure  coefficients  so  obtained  are 
given  by  the  dashed  line  in  figure  10.  It  is  seen  that  the  dashed  line 
yields  smaller  numerical  values  of  Cp  than  the  experimental  data  for 

Mq  =*  0.464,  probably  because  the  Karman-Tsien  formula  is  strictly  appli- 
cable only  for  an  unbounded  stream,  whereas  the  proximity  of  the  tunnel 
wall  in  the  experiment  increases  the  influence  of  compressibility. 

The  Karman-Tsien  formula  corrects  the  pressure  coefficient  for  dis- 
turbances caused  by  the  body  in  the  flow  field.  For  the  case  of  small 
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tunnel-wedge  ratio,  however,  an  additional  correction  is  needed  for  the 
change  in  flow  area.  The  effects  of  area  change  may  be  estimated  by  use 
of  equation  (3.26)  of  reference  14.  Because  the  area  change  is  of  smaller 
order  of  magnitude  than  the  disturbances  for  most  investigations,  a 
detailed  examination  of  this  method  was  not  made  for  the  present  exper- 
iments . 

Experimental  Mach  number  distributions  for  various  wedges  are  given 
in  reference  1 for  the  transonic  speed  range  and  large  tunnel -wedge 
ratios.  Experimental  pressure  coefficients  may  be  calculated  from  these 
data  with  equation  (lb) . For  the  tunnel-wedge  ratios  used  in  the  exper- 
iments (see  table  II),  theoretical  pressure  coefficients  and  chordwise 
locations  may  be  computed  for  incompressible  flow  by  equations  (10)  and 
(12)  (bounded  stream)  and  extended  to  compressible  flow  by  equation  (21); 
or,  since  the  tunnel -wedge  ratio  is  large,  equation  (17)  (unbounded 
stream)  may  be  used  for  the  incompressible  solution.  Results  of  calcu- 
lations using  equations  (10)  and  (12)  are  presented  in  figure  4.  Theo- 
retical pressure  coefficients  may  also  be  calculated  by  equation  (lc), 
the  chordwise  location  then  being  given  by  equation  (23)  or  (24)  when 
the  tabulated  values  of  the  Bessel  functions  in  reference  15  are  used. 
Hereinafter  use  of  equations  (10)  and  (12)  (from  Schwarz-Christoffel 
mapping  theorem)  in  conjunction  with  equation  (21)  will  be  designated 
the  mapping  - KT  (Karman-Tsien)  method;  use  of  equation  (22)  will  be 
defined  as  the  linearized  method;  and  use  of  equations  (23)  and  (24) 
will  be  called  the  hodograph  method. 

The  experimental  pressure  coefficients  calculated  from  the  results 
of  reference  1 for  wedge  angles  of  9°  and  15°  and  an  upstream  Mach  num- 
ber of  0.824  are  shown  in  figure  11(a).  The  point  of  zero  pressure 
coefficient  moves  downstream  with  increasing  wedge  angle,  as  was  shown 
analytically  in  figure  4(a) . The  experimental  shift  in  chordwise  loca- 
tion of  this  point  due  to  an  angle  increase  from  9°  to  15°  is  about 

7^  percent  from  figure  ll(a),  whereas  the  predicted  shift  from  fig- 
ure 4(a)  would  be  about  7 percent.  The  locations  of  the  points  of  zero 
pressure  coefficient  shown  in  figures  4(a)  and  ll(a)  differ,  however, 
because  of  the  influence  of  upstream  Mach  number. 

The  experimental  results  for  a wedge  angle  of  20°  and  an  upstream 
Mach  number  of  0.700  are  compared  with  the  theoretical  linearized, 
mapping-KT,  and  hodograph  methods  in  figure  ll(b) . This  figure  indicates 
that  the  mapping-KT  method  agrees  best  with  experiment  for  this  wedge 
angle  and  upstream  Mach  number.  It  is  to  be  expected  that  the  mapping 
method  would  be  better  than  the  linearized  method,  since  the  mapping 
method  considers  the  influence  of  the  wedge  angle  on  the  pressure  coef- 
ficient whereas  the  linearized  method  does  not.  The  hodograph  method, 
which  provides  the  most  accurate  theoretical  computation,  should  also 
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be  in  good  agreement  with  experiment.  The  fact  that  the  experimental 
values  fall  below  those  predicted  by  the  hodograph  method  is  possibly  due 
to  compensating  effects  involving  the  influence  of  viscosity  and  the  sub- 
sequent formation  of  boundary  layer.  (A  qualitative  discussion  of 
boundary  layer  influence  on  wedge  pressure  distribution  is  given  in 
ref.  16.)  The  boundary  layer  would  tend  to  make  the  experimental  wedge 
act  roughly  as  a wedge  with  a slightly  larger  angle  than  the  geometric 
wedge,  and  from  figure  4(a)  it  can  be  seen  that  this  would  tend  to 
decrease  the  pressure  coefficient  over  the  rear  part  of  the  wedge.  Since 
the  mapping-KT  method  here  predicts  lower  values  of  Cp  than  does  the 

hodograph  method,  the  experimental  data  are  in  somewhat  better  agreement 
with  the  mapping-KT  method  than  with  the  hodograph  method.  It  appears 
therefore  that  the  mapping-KT  method,  which  is  easier  to  apply  than  the 
hodograph  method,  may  be  used  to  obtain  wedge  pressure  distributions  at 
least  for  Mg  <0.7  and  0<2O°. 

Only  the  hodograph  method,  however,  is  in  good  agreement  with 
experiment  for  Mach  numbers  close  to  unity,  as  may  be  seen  in  fig- 
ure 11(c)  for  Mq  =•  0.892.  Near  the  leading  edge,  where  the  local  Mach 

number  is  small,  the  mapping-KT  and  linearized  methods  are  in  good 
agreement  with  experiment.  The  hodograph  method  is  lower  than  experi- 
ment because  at  the  leading  edge  (M  =»  0)  the  hodograph  method  yields 
Cp  = 0.662  by  equation  (lc) . For  the  mapping-KT  method,  Cp  ■ 1.378  by 

equations  (la)  and  (21) . A pressure  coefficient  of  unity  is  obtained 
from  equation  (lb)  by  setting  M * 0 and  using  the  first  two  terms  of  a 

or-i 

binomial  expansion  of  (l  + Mq  J • For  the  linearized  method,  equa- 
tion (22),  Cp  is  asymptotic  to  .the  ordinate  at  x/L  =»  0. 

Aft  of  the  leading-edge  region,  the  linearized  and  mapping-KT 
methods  do  not  properly  predict  the  influence  of  the  upstream  Mach  number. 
The  hodograph  method,  on  the  other  hand,  is  in  good  agreement  with  exper- 
iment over  most  of  the  wedge. 


SUMMARY  OF  RESULTS 

The  results  of  an  analytical  and  experimental  investigation  of  the 
pressure  distribution  about  wedges  in  bounded  and  unbounded  subsonic 
streams  are  as  follows : 

1.  The  analytical  solutions  showed  that,  to  properly  estimate  the 
wedge  pressure  coefficient,  it  is  necessary  to  make  a detailed  examination 
of  the  flow  with  due  consideration  to  the  relative  chordwise  location, 
wedge  angle,  tunnel-wedge  ratio,  and  upstream  Mach  number. 
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2.  It  was  found  from  the  analytical  results  for  an  unbounded  stream 
that  the  region  of  applicability  of  the  infinite  wedge-type  velocity 
distribution  assumed  in  the  solution  of  laminar  boundary  layer  equations 
is  approximated  only  within  10  percent  for  a limited  region  near  the 
leading  edge.  For  tunnel-wedge  ratios  of  the  order  of  5 or  less  (bounded 
stream),  the  infinite  wedge-type  velocity  distribution  is  realized  only 
at  the  leading  edge. 

3.  Predictions  of  heat  transfer  to  a 30°  wedge  with  small  tunnel- 
wedge  ratio  (2.8)  showed  that  use  of  the  theoretical  pressure  distribu- 
tion rather  than  of  the  experimental  may  be  satisfactory  if  the  desired 
accuracy  in  the  heat  transfer  is  of  the  order  of  5 percent  and  the  region 
is  not  markedly  influenced  by  flow  separation. 

4.  The  experimental  pressure  coefficients  for  the  two-dimensional 
flow  over  the  30°  wedge  with  a tunnel-wedge  ratio  of  2.8  were  not  in  good 
agreement  with  the  theory  for  a finite  wedge  in  a bounded  stream,  prob- 
ably because  of  the  influence  of  flow  separation  on  the  experimental 
results . 

5.  Comparison  of  previously  published  experimental  results  and 
theory  in  the  high  subsonic  region  for  large  tunnel-wedge  ratios  (greater 
than  100)  indicated  that  the  simple  mapping  Ka'rman-Tsien  method  was  in 
good  agreement  with  experiment  for  wedge  angles  from  9°  to  20°  and 
upstream  Mach  numbers  to  0.700.  For  Mach  numbers  of  the  order  of  0.900 
and  a wedge  angle  of  20°,  the  hodograph  method  was  in  better  agreement 
with  experiment  than  either  the  mapping  or  linearized  methods. 


Lewis  Flight  Propulsion  Laboratory 

National  Advisory  Committee  for  Aeronautics 
Cleveland,  Ohio,  January  6,  1953 
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APPENDIX  - SYMBOLS 

The  following  symbols  are  used  in  this  report : 


A,B,C,D, 

E,F 

a 

b 


Eu 

H 

h 


k 

L 

l 

M 

m 

N 

Nu 

n 


points  on  fig-  2 

tunnel  height 
maximum  wedge  thickness 

P “ Po 

pressure  coefficient,  CL  = 

PO  Do 


constant  of  proportionality,  eq.  (3) 

dp 


-x 


Euler  number,  Eu 


dx 


PU 


heat-transfer  coefficient 

width  of  interval  in  finite  difference  integration,  eq.  (13) 

modified  Bessel  function  of  first  kind  of  order  p 

modified  Bessel  function  of  second  kind  of  order  p 

thermal  conductivity 

length  of  wedge  surface 

length  of  afterbody 

Mach  number , U / yirRT 

exponent  in  eq.  (3) 

3 

function  of  Mach  number,  N » 2/3  (l  - M^) 

Nusselt  number,  HL/k 

number  of  intervals  advanced  from  initial  value  in  finite 
difference  integration,  eq.  (131) 
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static  pressure 
total  pressure 
gas  constant 

U0  p L 

Reynolds  number,  — — 

summation  index,  eqs.  (23)  and  (24) 

constant  in  transformation  for  finite  wedge  in  bounded 
8. 

stream,  S » r 

’ 2 it 

constant  in  transformation  for  finite  wedge  in  unbounded 
stream,  eq.  (16) 

static  temperature 

total  temperature 

constant  in  transformation  for  finite  wedge  in  bounded 

2it 

stream,  t =« 
velocity 

y+1 

function  of  wedge  angle,  v » 6 

complex  potential 

distance  along  wedge  surface  measured  from  leading  edge 

spanwise  distance  on  wedge  surface 

complex  variable  of  physical  plane 

real  component  of  £ 

ratio  of  specific  heats,  y = 1.4 

finite  difference  operator 

complex  variable  of  transformed  plane 
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9 wedge  opening  angle 

P absolute  viscosity  of  fluid 

p density  of  fluid 

Subscripts : 

0 condition  upstream  of  body 

1 incompressible 

1 initial  value  in  finite  difference  integration,  eq.  (13) 

2,  3 real  root 

oo  undisturbed  region,  upstream  or  downstream  of  wedge 


REFERENCES 

1.  Bryson,  Arthur  Earl,  Jr.:  An  Experimental  Investigation  of  Transonic 

Flow  Past  Two-Dimensional  Wedge  and  Circular-Arc  Sections  Using  a 
Mach-Zehnder  Interferometer.  NACA  TN  2560,  1951. 

2.  Pack,  D.  C.:  Investigation  of  the  Flow  Past  Finite  Wedges  of  20°  and 

40°  Apex  Angle  at  Subsonic  and  Supersonic  Speeds,  Using  a Mach- 
Zehnder  Interferometer.  R.&M.  No.  2321,  British  M.O.S.,  May  1946. 

3.  Cole,  Julian  D. : Drag  of  a Finite  Wedge  at  High  Subsonic  Speeds. 

Jour.  Math,  and  Phys.,  vol.  30,  no.  2,  July  1951,  pp.  79-93. 

4.  Falkner,  V.  M.,  and  Skan,  Sylvia  W. : Some  Approximate  Solutions  of 

the  Boundary  Layer  Equations.  R.&M.  No.  1314,  Apr.  1930. 

5.  Brown,  W.  Byron,  and  Donoughe ,•  Patrick  L. : Tables  of  Exact  Laminar- 

Boundary-Layer  Solutions  When  the  Wall  is  Porous  and  Fluid  Proper- 
ties are  Variable.  NACA  TN  2479,  1951. 

6.  Brown,  W.  Byron,  and  Livingood,  John  N.  B.:  Solutions  of  Laminar- 

Boundary- Layer  Equations  Which  Result  in  Specific-Weight-Flow  Pro- 
files Locally  Exceeding  Free-Stream  Values.  NACA  TN  2800,  1952. 

7.  Eckert,  E.  R.  G.,  and  Livingood,  John  N.  B.:  Method  for  Calculation 

of  Heat  Transfer  in  Laminar  Region  of  Air  Flow  Around  Cylinders  of 
Arbitrary  Cross  Section  (including  Large  Temperature  Differences 
and  Transpiration  Cooling).  NACA  TN  2733,  1952. 


24 


MCA  TN  2942 


8.  Herzig,  H.  Z.,  Hansen,  A.  G.,  and  Costello,  G.  R.:  Visualization  of 

Secondary-Flow  Phenomena  in  Blade  Row.  NACA  RM  E52F19,  1952. 

9.  Lev£que,  M.  A.:  Les  Lois  de  la  Transmission  de  Chaleur  par  Convec- 

tion. Ann.  des  Mines,  T.  XIII,  ser.  12-13-14  (Paris),  1928,  p.  228. 

10.  Eckert,  E.:  Die  Berechnung  des  Warmeubergangs  in  der  laminaren 

Grenzschicht  umstromter  Korper.  VDI  Forschungsheft  416,  Bd.  13, 
Sept,  land  Okt.  1942. 

11.  Milne-Thomson,  L.  M. : Theoretical  Hydrodynamics.  Second  ed.,  The 

Macmillan  Co.  (New  York),  1950. 

12.  Pipes,  L.  A.:  Applied  Mathematics  for  Engineers  and  Physicists. 

McGraw-Hill  Book  Co.,  Inc.,  1946. 

13.  Westphal,  Willard  R.,  and  Dunavant,  James  C.:  Application  of  the 

Wire-Mesh  Plotting  Device  to  Incompressible  Cascade  Flows.  NACA 
TN  2095,  1950. 

14.  Liepmann,  Hans  Wolfgang,  and  Puckett,  Allen  E.:  Introduction  to 

Aerodynamics  of  a Compressible  Fluid.  John  Wiley  & Sons,  Inc., 
1947. 

15.  National  Bureau  Standards:  Tables  of  Bessel  Functions  of  Fractional 

Order.  Vol.  II.  Columbia  Uni v.  Press  (New  York) , 1949. 

16.  Liepmann,  H.  W.,  and  Bryson,  A.  E.,  Jr.:  Transonic  Flow  Past  Wedge 

Sections.  Jour.  Aero.  Sci.,  vol.  17,  no.  12,  Dec.  1950,  pp.  745- 
755. 

17.  Vincenti,  Walter  G.,  and  Wagoner,  Cleo  B.:  Transonic  Flow  Past  a 

Wedge  Profile  with  Detached  Bow  Wave  - General  Analytical  Method 
and  Final  Calculated  Results.  NACA  TN  2339,  1951. 

18.  Eckert,  E.,  und  Weise,  W.:  Messungen  der  Temperaturverteilung  auf 

der  Cfberflache  schnell  angestromter  unbeheizter  Korper.  Forsch. 
Geb.  Ing.  - West.  (Berlin),  Bd.  13,  Heft  6,  Nov./Dez.  1942, 
pp.  246-254. 


2805 


NACA  TN  2942 


TABLE  I . - GEOMETRY  AND  PRESSURE  TAP  LOCATIONS 
FOR  30°  WEDGE 

[All  dimensions  are  in  inches^ 


~1 

i. 


J 


y 

X 

Lower  surface 

2.42 

0.37 

2.42 

.75 

2.42 

1.08 

2.42 

1.27 

2.42 

1.53 

2.38 

1.92 

1.45 

.4S 

1.45 

.88 

1.45 

1.40 

1.45 

1.66 

.48 

.37 

.48 

.75 

.48 

1.08 

.48 

1.27 

.48 

1.53 

.48 

1.92 

Upper  surface 

2.42 

0.37 

2.42 

.75 

1.45 

.49 

1.50 

.86 

.48 

.37 

00 

• 

.75 
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i 

j 

| TABLE  II.  - THEORETICAL  PRESSURE  COEFFICIENTS  FOR 


y 


FINITE  WEDGES  IN  UNBOUNDED , INCOMPRESSIBLE  STREAMS 
CALCULATED  BY  EQUATIONS  (16)  AND  (17) 


[a/b  = co;  Mq  = 0 ] 


x/L 

cp,i 

0 = 9°;  s/L  = 0.5008 

0.0000 

1.0000 

\ 

.0338 

.1595 

L.  x^\ 

\ 

.0555 

.1369 

\^-H 

.22651 

.0535 

9 

.4687 

.0100 

.5189 

.0000 

.5688 

-.0100 

.7660 

-.0566 

\ .NACX^ 

.9104 

-.1162 

. yby2 

- . 1586 

x/L 

1.0000 

-CO 

CP,i 

0 = 15° j s/L  = 074997 

0 = 20°;  s/L  = 0.4986 

0.0000 

1.0000 

0.0000 

1.0000 

.0304 

.2631 

.0385 

.3204 

.0591 

.2175 

.0623 

.2790 

.2747 

.0874 

.2830 

.1149 

.4800 

.0165 

.4896 

.0221 

.5301 

.0000 

.5397 

.0000 

.5799 

-.0169 

.5892 

-.0225 

.7746 

-.0958 

.7346 

-.0987 

.9150 

-.2010 

.9189 

-.2764 

.9599 

-.2780 

.9622 

-.3870 

1.0000 

- 00 

1.0000 

- oo 

0 = 30° j s/L  = 0.4955 

0 = 40° j s/L  = 0.4907 

0.0000 

1.0000 

0.0000 

1.0000 

.0367 

.4570 

.0697 

.4928 

.0629 

.3991 

.2611 

.2651 

.2994 

.1673 

.4772 

.0862 

.4575 

.0653 

.5775 

.0000 

.5583 

.0000 

.7651 

-.2071 

.7499 

-.1518 

.8932 

-.4704 

.8838 

-.3352 

.9697 

-.9238 

.9661 

-.6335 

1.0000 

- 00 

1.0000 

-00 

Figure  2.  - Relation  between  physical  and  transformed  planes  for  finite  wedge  in 
tunnel. 


'^XXXXXZ 


SXXO&XXX  >2 
&***£<<*** 
Jr  £4  £4  £4  £4  ►!<  ►!<  ►!<  - 


HISS$SB3@  H 
P^DS3Si^lSS| 

p^^nssissssi 

3^:cc#>:^ 

raWGSISBEn 

^^SSSS^fSSSni 

^smmmxsai 

•muFWBiam a* 


NACA  TN  2942 


liiii 


iiilili 


— BBS  S ■ SB 

— iiiiil 

■iiiiiMl 


iiiliill 


lie!'!: 


iu:::: 

[aaaa  aaariaaaai 


sss.ss 

■■fill 


aaaaa aaaa 


•a aaaaai 
''iaaaai 


laii'iam.  aaa 


lS3a:i< 


II 

iraaaaaaa  •>  '■••■■■•aai 
Mai'iu.  aaaaa*  'ia a. 


::: 

!:! 


:ue:u; 


nanai 

laaaaai 


iaaaa  mmmmi 

:::::::: 


::::: 


iiitii 


i..ia«rSSaa  .aa< 
aaaaa.  **.  »aiaTi 

* .'"Sataar- -aa. 


:::sss: 


■ aaaaa  B' 
a iaaaa  a. 


laaaaaa  aaai 


a aaaaa  aaaa 
aaaaai 6aaa 
a aaaaa aaaa 


sans 


i aaa aaaaa aaaai 
i aaa aaaaa aiaai 
aaa aaaaa aaaai 


::::::::::::::::::::: 

iaaaa aaaaa aaaaaaaaaa iai 


a aaaaa aaaaaaaaaa  aai 


iaaaa 

iaaaa 


:si»i 


iili! 


I aaaaa  aaaaa  aaaa  W 
I aaaaa  aaaaa  aaaaa  ai 
I aaaaa  aaaaa  aaaaaai 


iaaaa  a 
aaaaa* 


aaaaaS  SaaaaSaaaa  Saa*3 


a aaaaa aaaaa ■■■■■ iaa*aaa« 


•aaaaa iaaaa a 


a aaaaaaaaaa  aaaaa 


aaniiaiiiiiiaiaaiiii  iina 

PMHMIVMaaaaai  aaaaaaaaaa  aaaaaaaaaa 
■ iaaiaiiaiiiaiaa aaaaa aaaaa aaaaa aaaaa aaaaa 


!!!!!!! 


aaaaaaaaaa  a 


llliilii 

pmafl 

pi! :::::  ifiiiiii j:  liisilliS:  :::  jj  jj  jij  ji! 


a aaaaa aaaaaaai 
a aaaaa aaaaa aai 


Wedge 

Tunnel- 

angle. 

wedge 

e. 

ratio. 

^ deg 

a/b 

^0 

OD 

9 

166.7 

15 

172.4 

20 

107.5 

30 

0B 

40 

OD 

Chordwise  location,  x/L 

(a)  Computed  pressure  coefficient  against  chordwise  location. 
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Wedge  angle,  6,  deg 

(b)  Computed  pressure  coefficient  against  wedge  angle. 

Figure  4.  - Influence  of  wedge  angle  on  pressure  distribu 
tlon.  Upstream  Mach  number,  0. 
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Figure  6.  - Concluded.  Influence  of  tunnel-wedge  ratio  on  pressure  distribution  for 
20°  wedge.  Upstream  Mach  number,  0. 
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V^O 


Curve  Pressure 

distribution 


Method  for 
calculation  of 
heat  transfer 


Eq.  (10),  a/b  = 2.8  Equivalent  infinite 

wedge 

Eq.  (10),  a/b  - 2.8  Equivalent  wedge - 
* type 

Experimental,  Equivalent  wedge- 

a/b  =2.8  type 

Eq.  (3)  Infinite  wedge, 

Eu  = 0.091 


■ 


Curve 


— 2 


Chordwise  location,  x/L 

Figure  8.  - Predicted  heat  transfer  to  30°  wedge. 
Upstream  Mach  number,  0. 
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(b)  Hydrogen  sulfide  traces  on  wedge  and  side  wall  (side  view).  . 

Figure  9.  - Continued.  Eesults  of  flow  visualization  studies  on  30°  wedge  with  tunnel 
wedge  ratio  of  2.8. 
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(a)  Wedge  angle,  9°  and  15°;  upstream  Mach  number,  0.824. 


i i i i i 

Method 

— — — — — Linearized 

N 

Mapplng-ET 

1 1 1 l 

Chordvise  location,  x/L 

(b)  Wedge  angle,  20°;  upstream  Mach  number,  0.700. 

Figure  11.  - Comparison  of  experiment  with  theory  for  large 
tunnel-wedge  ratio  (a/b>100). 


